Hox proteins have well-established functions in development and evolution, controlling the final morphology of bilaterian animals. The common phylogenetic origin of Hox proteins and the associated evolutionary diversification of protein sequences provide a unique framework to explore the relationship between changes in protein sequence and function. In this study, we aimed at questioning how sequence variation within arthropod Hox proteins influences function. This was achieved by exploring the functional impact of sequence conservation/divergence of the Hox genes, labial, Sex comb reduced, Deformed, Ultrabithorax and abdominalA from two distant arthropods, the sea spider and the well-studied Drosophila. Results highlight a correlation between sequence conservation within the homeodomain and the degree of functional conservation, and identify a novel functional domain in the Labial protein.
Introduction
Hox genes and proteins have well-established functions in development and evolution, controlling the final morphology of bilaterian animals (Krumlauf, 1994; Pearson et al., 2005) . They encode homeodomain (HD) containing transcription factors acting primarily through the selective regulation of downstream gene networks, which ultimately defines cellular properties underlying morphogenetic processes (Rezsohazy et al., 2015) . The HD is a widely used helix-turn helix DNA binding motif, also found in non-Hox proteins, whose DNA binding selectivity is limited (Gehring et al., 1994; Noyes et al., 2008) . Increased specificity is known to arise from interaction with PBC class proteins (Extradenticle (Exd)) in Drosophila and PBX in vertebrates (Mann et al., 2009) . Although not exclusive, this interaction relies on a short protein motif, the hexapeptide (HX), which is highly conserved and found upstream of the HD in most Hox proteins.
Hox genes are often physically clustered and are thought to originate from the last common ancestor of bilaterian animals, which is proposed to harbor a cluster with at least seven Hox genes (Garcia-Fernandez, 2005) . During the Cambrian explosion, the number of Hox genes has increased, notably through specific gene as well as genome duplications (Duboule, 2007) . The Hox complement in different animal species is thus highly variable: the Drosophila melanogaster fruit fly has 8 Hox genes, while humans have 39 Hox genes grouped in four Hox clusters. Hox genes are grouped in paralogue groups, occupying similar position within the Hox clusters and exhibiting similar expression patterns. Setting differential expression along the antero-posterior axis is essential for Hox patterning functions, and changes in the repertoire of Hox gene expression have provided numerous examples of how animal body plans have evolved (Gellon and McGinnis, 1998; Pearson et al., 2005) .
Owing to their common phylogenetic origin, Hox proteins from different animals but belonging to corresponding paralogue group display more similarities than any other Hox protein within the same animal. The sequence conservation between paralogue proteins varies according to the evolutionary distance: paralogous Hox proteins display high levels of sequence conservation over most of the protein length in closely related species (for example in distinct Drosophila species), and gradually become restricted to only a subset of the protein, which in most extreme cases is limited to the HD and HX motif. The common phylogenetic origin of Hox paralogues and the associated evolutionary diversification of protein sequences provide a formidable resource to explore the relationship between changes in protein sequence and function. A few studies have identified sequence divergence underlying evolutionary changes in Hox protein function. Two of them identify sequence changes in Ultrabithorax (Ubx) proteins, the loss of a serine/threonine rich domain and the expansion of an alanine rich domain that provides transcription repressive activity, which account for the acquisition of limb repressive activities (Galant and Carroll, 2002; Ronshaugen et al., 2002) . The limb repressive activity of Ubx is further controlled by the size of the linker region that separates the hexapeptide from the homeodomain, by selecting different Exd interaction modes . Morphological diversity in arthropods also relies on contextual distinct use of Hox proteins, as illustrated by the finding that the spider Achaearanea tepidariorum Antp protein represses limb formation, whereas when heterologously expressed in Drosophila it cannot (Khadjeh et al., 2012) .
In this study, we aimed at questioning how sequence variation within arthropod Hox proteins influences function. Arthropods can be subdivided in four major subphyla, hexapods, crustaceans, myriapods and chelicerates. Hexapods and chelicerates display the highest evolutionary distance, with pycnogonids within chelicerates constituting a separate and most divergent subphylum (Regier et al., 2008; Regier et al., 2010) . This identifies pycnogonids as the evolutionary most distant arthropods when compared to the Drosophila hexapod. Besides their peculiar phylogenetic position within arthropods, pycnogonids also offer the unique advantage of the availability of protein coding sequences for most Hox genes Manuel et al., 2006) .
Here we broadly explore the functional impact of Drosophila/ pycnogonid Hox proteins sequence conservation/divergence, using all available pycnogonids Hox genes, labial (lab), Sex comb reduced (Scr), Deformed (Dfd), Ultrabithorax (Ubx) and abdominalA (abdA). Activity of pycnogonids Hox proteins were examined and compared to their Drosophila paralogues. Based on the finding that only a few and short protein sequences outside the HD and HX motifs are conserved from Drosophila to pycnogonids, we also investigated if this allows for the identification of novel Hox functional domains.
Results

Overview of conservation/divergence of Drosophila and pycnogonid Hox proteins and experimental approach for probing function
Pycnogonids Hox cDNA were previously cloned from two different species, Endeis spinosa (Es) and Nymphon gracile (Ng) . cDNAs for lab and Scr were obtained from Es and Ng, while Dfd, Ubx and abdA cDNAs were only recovered from one species (Es-Dfd, Es-Ubx and Ng-abdA). To explore Hox protein sequence conservation/ divergence, Drosophila sequences were taken as references. Tribolium castaneum (Tc) was chosen as a distant hexapod representative, and Artemia franciscana (Af) and Strigamia maritima (Sm) as representatives of crustaceans and myriapods whenever complete cDNAs sequences were available. Pairwise comparison of sequence identity indicates that Hox protein sequence divergence follows the phylogenic distribution, with pycnogonids sequences displaying the strongest divergence, both when full or HD sequences only are considered (Fig. 1A-B and Fig. S1 ). Only Sm-Ubx full sequence that display a stronger identity score to that of Af-Ubx does not obey this general trend (Fig. 1A-B and Fig. S1D ). This comparison also highlights that the conservation/divergence varies significantly according to paralogues. Scr and Ubx show the highest, and AbdA the lowest degree of conservation, both with regards to full and HD sequences. Dfd and Lab instead show the strongest divergence for full sequences while having maintained a high degree of conservation within the HD, even when compared to AbdA (Fig. 1C) .
This overview of selected Hox protein sequences conservation/ divergence within arthropods provides a suitable framework to address experimentally the functional impact of Hox protein sequences conservation/divergence. We focused our study on representative of pycnogonids Hox proteins for which the complete coding sequence and cDNA were available, Es for Dfd and Ubx and Ng for Lab, Scr and AbdA. Pycnogonid and Drosophila cDNAs as well as those of their Drosophila orthologues were cloned in appropriate vectors to perform in vitro expression and transgenesis in Drosophila. To follow expression, all proteins were HA tagged. Comparisons were based on in vivo functional analyses in Drosophila, following UAS/Gal4 mediated expression (Brand and Perrimon, 1993) , using already described biological readouts for each Hox proteins. In all cases, expression conditions from transgenes were adjusted to be close to physiological levels, allowing for proper comparison of Drosophila and pycnogonid protein activities (see experimental procedures). Comparisons were also based on in vitro DNA binding assays using relevant DNA target sequences.
Es-Ubx and Ng-Scr proteins display conserved activities
The comparison of Es-Ubx and Dm-Ubx sequences shows that already identified functional domains are well conserved (Fig. S2) , including the HD (100% identical, Fig. 2A ), the HX and UbdA domains both implicated in the recruitment of Exd (Lelli et al., 2011; Merabet et al., 2007; Saadaoui et al., 2011) , and the activation domain found in the N-terminal part of the protein (Tour et al., 2005) . Beside these domains, no significant additional sequence conservation is seen.
To compare Es-Ubx and Dm-Ubx function in vivo we have first studied the effect of the ectopic expression of Dm-Ubx and Es-Ubx on the morphology of the Drosophila larval cuticle. Dm-Ubx is required for the specification of the first abdominal segment (A1), characterized by a ventral denticle belt easily distinguishable from those of other segments (Mann and Hogness, 1990) (Fig. 2B ). When Dm-Ubx is ectopically expressed in the ectoderm using the arm-Gal4 driver, it imposes an A1 identity in the thorax (Fig. 2B) . Similarly, ectopic expression of EsUbx in the Drosophila embryo induces the same homeotic transformation (Fig. 2B) . We next examined the regulation of the decapentaplegic (dpp) downstream target gene. dpp is expressed in the visceral mesoderm in parasegments 3 (PS3) and 7 (PS7) (Fig. 2C) and is under the positive regulation of Ubx in PS7 Chan et al., 1994; Immergluck et al., 1990) . The use of 24B-Gal4 driver to direct ectopic expression of Dm-Ubx or Es-Ubx in the mesoderm induces similar dpp ectopic activation in the anterior visceral mesoderm from PS3 to PS7 but not posteriorly (Fig. 2C) . Another well-known target of DmUbx is the limb-promoting gene Distalless (Dll) expressed in the three thoracic segments and not the abdomen, where it is repressed by Ubx, AbdA and AbdB (Gebelein et al., 2004; Sambrani et al., 2013; Vachon et al., 1992) (Fig. 2D) . We next have assessed the activity of Es-Ubx on the well-characterized Hox responsive enhancer DME (Distalless Minimal Element; Gebelein et al., 2002) . When expressed in the thoracic segment using the arm-Gal4 driver, Es-Ubx is able to repress Dll as Dm-Ubx (Fig. 2D) . The regulation of Dll in Drosophila relies on the assembly of a trimeric complex of Ubx and its partners Exd and Homothorax (Hth) on a regulatory element called DllR (Gebelein et al., 2002) . Electrophoretic mobility shift assay (EMSA) shows that as Dm-Ubx, Es-Ubx binds DNA in vitro cooperatively with Exd and Hth (Fig. 2E ). Altogether these results show a conservation of activities between Drosophila and pycnogonid Ubx proteins. However, we note that as a monomer Es-Ubx binds the DllR element less efficiently than Dm-Ubx which may underlie some activity divergence.
Alignment of Dm-Scr, Tc-Scr, Es-Scr and Ng-Scr sequences shows that conservation is mostly restricted to already identified functional domains (Fig. S3) . This includes the HD, nearly identical differing in only one position (Fig. 3A) , the HX and a N-terminal activation domain (Tour et al., 2005) . It also identifies two conserved stretches of sequences, S1 and S2 (Fig. S3) , also recently highlighted but not functionally characterized (Sivanantharajah and Percival-Smith, 2015) . Scr displays additional sequence signatures, notably the LASCY and NANGE motifs, present in all protostomes. We found that the first one is only partially conserved in pycnogonids and the second is not (Fig. S3) .
As for Ubx, transgenic lines expressing either Dm-Scr or Ng-Scr were established to assess activity conservation in vivo. Dm-Scr or Ng-Scr was expressed with arm-Gal4 and their ability to produce homeotic transformations examined in the larval cuticles. Both Dm-Scr (Zeng et al., 1993) and Ng-Scr induce a first thoracic segment identity (T1) to the more posterior thoracic segments T2 and T3. This can be identified by the presence of a group of ectopic hairs characteristic of T1, the beard (arrows and arrowheads, Fig. 3B ). However, ectopic beards following Ng-Scr expression display occasionally a more elongated shape (see the T3 ectopic beard in Ng-Scr panel, Fig. 3B ) which may possibly reflect some activity differences between Dm-Scr and Ng-Scr. We next tested the ability of Ng-Scr to activate a forkhead (fkh) enhancer, a cisregulatory sequence described to mediate activation by Scr . Dm-Scr and Ng-Scr were driven throughout the embryo by arm-Gal4. This resulted in ectopic expression of the fkh-lacZ reporter gene (Fig. 3C ). To further probe the conservation of Ng-Scr, we tested its property to bind the fkh-250 cis-regulatory element in vitro in EMSA experiments ( Fig. 3D ). Ng-Scr monomer binding to this DNA target is weak, but is enhanced through cooperative binding with Exd and Hth, a situation similar to that previously described for Dm-Scr (Fig. 3D ). These data indicate a conservation of activity between Dm-Scr and Ng-Scr.
Ng-Lab protein displays conserved as well as less-conserved activities
Alignment between Dm-Lab and Ng-Lab sequences shows that their HD are more divergent when compared to differences seen for Ubx or Scr, with 10 amino acids distinguishing the Dm-Lab and Ng-Lab HDs (Fig. 4A ). The HX is also less conserved, notably with a K/Q substitution in the core motif (Fig. S4 ). We also found that a stretch of 7 amino acids immediately downstream of the HX, in the region that separates the HX form the HD, also known as the linker region, is conserved (Fig. S4) .
To test the conservation of Dm-Lab and Ng-Lab, we used three biological readouts. We first analyzed the impact of Lab ectopic expression on the morphology of the first instar cuticle. Both Dm-Lab and Ng-Lab produce a similar phenotype due to head involution defects (Fig. 4B ). Next we looked at lab autoregulation in the midgut endoderm which has been well characterized and shown to be conserved in mouse and worm (Pöpperl et al., 1995; Streit et al., 2002) . Lab expression in the endoderm requires Dpp signaling and an autoregulatory feedback loop (Diederich et al., 1989; Hoppler and Bienz, 1995; Immergluck et al., 1990) . A cis regulatory element, lab550, responding to both input has been described to recapitulate lab expression and regulation in the endoderm when placed upstream of a lacZ reporter gene (Grieder et al., 1997; Marty et al., 2001; (Fig. 4C ). As autoregulation can only be assessed in the presence of Dpp signal, we probed Ng-Lab activity in the central midgut in a rescue set up. The experiment consisted in rescuing (or not) lab550-lacZ reporter gene expression by expressing either Dm-Lab or Ng-Lab in the endoderm in a lab mutant background, where lab550 is active only in a few cells in the endoderm (Grieder et al., 1997; Marty et al., 2001; . Expression of Dm-Lab or Ng-Lab using the endodermal 48Y-Gal4 driver rescues up to 80% the lab550-lacZ expression ( Fig. 4C and C'). Thus Ng-Lab is as efficient as Dm-Lab in rescuing Lab autoregulatory activity. We also used a similar experimental set up to probe the regulatory potential of NgLab on the CG11339 downstream target gene, whose expression in the endoderm is lost in lab deficient embryos (Ebner et al., 2005) . Dm-lab rescues CG11339 expression up to 85% while Ng-Lab does so less efficiently (47%, Fig. 4D , D').
Ng-Lab DNA binding and complex assembly with Exd and Hth was also assessed in vitro on two DNA targets: the 48/95 element, a 48 bp sub-fragment of lab550, and on the EVIII sequence derived from the CG11339 cis regulatory enhancer, both containing a Hox/Exd/Hth binding site (Ebner et al., 2005; . Ng-Lab does not bind these sequences neither as monomer nor as a dimer with Exd, a behavior different from Dm-Lab, although binding of a trimeric Ng-Lab/Exd/Hth complex, displaced with an antibody against the HA tag, is seen ( Fig. 4E and F) . This difference however likely does not reflect distinct protein activities, as S35 quantification showed that Dm-Lab is produced more abundantly than Ng-Lab (7 times more, Fig. 4G ). This difference in protein expression level roughly corresponds to the increased Dm-Lab/ Exd/Hth complexes when compared to Ng-Lab/Exd/Hth complexes. This result shows that Ng-Lab has at least qualitatively conserved the ability to form a trimeric complex with Exd and Hth.
We concluded that Ng-Lab has a mixed behavior, with full conservation when considering Lab autoregulatory activity, while conservation is less stringent when considering the regulation of the CG11339 target gene. This distinctive behavior of the Lab orthologs could be explained by the fact that the lab550 enhancer contains a conserved consensus Lab/Exd/Hth site while the EVIII display a very divergent one (Ebner et al., 2005) .
Es-Dfd and Ng-AbdA proteins display high degrees of activity divergence
In the HD, Es-Dfd and Dm-Dfd differ by 13 amino acids, 6 of them located in the N-terminal arm and beginning of the helix 1 (Fig. 5A ). Beside the HX, two other sequence stretches are conserved, one found in the N-terminal part of the protein and the other in the C-terminal region flanking the HD (Fig. S5) .
Dfd was shown to activate its own expression through an evolutionary conserved autoregulatory circuit (Kuziora and McGinnis, 1988a; Malicki et al., 1992; Malicki et al., 1990; McGinnis et al., 1990 ); Awgulewitsch and Jacobs, 1992; Brown et al., 1999) . We probed if EsDfd retains this autoregulatory activity by examining its possible impact on the activation of the endogenous Dm-Dfd gene when ectopically expressed using the arm-Gal4 driver. This was achieved using an antisense riboprobe corresponding to the 5′ UTR of Dm-Dfd mRNA designed to hybridize specifically to the endogenous Dm-Dfd transcripts (Kuziora and McGinnis, 1988b) . While Dm-Dfd locally activates the endogenous Dfd gene, Es-Dfd does not (Fig. 5B) .
Dfd autoregulation was shown to be Exd dependent and mediated by the EAE (Epidermal Autoregulatory Element) cis regulatory enhancer (Bergson and McGinnis, 1990; Chan et al., 1997; Pinsonneault et al., 1997; Zeng et al., 1994) . We therefore performed EMSA experiments using a 20 bp DNA sequence containing a Dfd/Exd binding site, EAE1, derived from the EAE enhancer (Chan et al., 1997) . Es-Dfd cooperatively binds this DNA element with Exd, in a manner similar to Dm-Dfd (Fig. 5C ). This suggests that the lack of in vivo autoregulatory activity of Es-Dfd does not rely on changes in cooperative binding with Exd, thus likely involving activity regulation, a mode of control well documented for Dfd (Pinsonneault et al., 1997) . Fig. 2 . Es-Ubx phenocopies Dm-Ubx functions.A. Alignment of Es-Ubx and Dm-Ubx homeodomains, black shading indicates amino acid identity. B. Left panel shows anterior segments of a wild type cuticle from a first instar larva with characteristic thoracic denticles (small and poorly refringent from T1 to T3), and abdominal specific denticles in A1 and A2. Middle and right panels are anterior segments of cuticles from larvae ubiquitously expressing Dm-Ubx or Es-Ubx (arm-Gal4). Both promote an A1 identity (in red) in the thorax. C. Effects of Ubx overexpression on dpp expression (in situ hybridization, green). In wt embryo, dpp is expressed in PS7 of the visceral mesoderm (white arrowhead) due to the activation of Ubx (anti-Ubx, red). Ectopic expression of Dm-Ubx or Es-Ubx throughout the mesoderm using 24B-Gal4 (anti-HA, red) induces dpp activation anteriorly (double white arrows). D. Dll is followed by the DME enhancer driven β-gal expression (green). In wt embryos, Ubx (anti-Ubx, red) repression in the abdomen restricts Dll expression to the three thoracic segments. Ubiquitous arm-Gal4 driven Dm-Ubx or Es-Ubx (anti-HA, red) repress Dll expression in thoracic segments. E. EMSA between Dm-Ubx or Es-Ubx and Exd/Hth (E + H) on DIIR probe. Purple, green and black arrowheads indicate Hox monomer, Exd/Hth dimer and Hox/Exd/Hth trimer bindings respectively.
The incapacity of Es-Dfd to activate the endogenous Dfd gene allows studying its effect on the cuticle morphology, without requiring an endogenous Dfd deficient background. Dm-Dfd promotes homeotic transformations when ectopically expressed, including formation of ectopic cirri and mouth hook structures in posterior segments. In addition, a strong head skeleton disorganization is seen arising from head involution failure (Kuziora and McGinnis, 1988a ; Fig. 5D ). By comparison, Es-Dfd failed to promotes such homeotic phenotypes (Fig. 5D) . Only a weak distortion of the cephalo-pharyngeal skeleton is noted due to an incomplete head involution (Fig. 5D) . We concluded that Es-Dfd activity has diverged from Dm-Dfd. This divergence is consistent with the recognized importance of sequence of the N-terminal part of the HD, where almost half of sequences divergence between Es and Dm proteins accumulates (Joshi et al., 2010; Lin and McGinnis, 1992) .
AbdA provides the instance where sequence divergence, especially within the HD, is most extreme, with 17 different residues in DmAbdA and Ng-AbdA (Fig. 6A and Fig. S6) . Surprisingly, we could not detect Ng-AbdA proteins produced by the UAS-transgenes, likely due to transcript or protein instability, making it impossible to probe functional conservation in vivo. Ng-AbdA could however be produced in vitro at a level comparable to Dm-AbdA (data not shown), allowing EMSA experiments to be performed. As Ubx, AbdA is required for Dll repression in the abdomen (Gebelein et al., 2004; Vachon et al., 1992) . We thus used the DllR DNA target in EMSA experiments with Ng-AbdA in the presence of Exd and Hth. Results show that Ng-AbdA is not able to assemble on these DNA neither as monomer nor in complex with Exd/ Hth (Fig. 6B ). These data, also limited to a single in vitro assay, suggests that the activity of Ng-AbdA has diverged from Dm-AbdA.
Identification of new motifs potentially contributing to Hox protein function
Sequences of Drosophila and pycnogonids Hox proteins are divergent enough to display a limited number of conserved sequences stretches. Here we explored if this sequence conservation allows for the identification of novel functional domains, by focusing on Scr and Lab, for which we have shown functional conservation between pycnogonids and Drosophila.
2.5.1. The S1 and S2 conserved sequences are dispensable for Scr segment identity function and regulation of the fkh target gene
The S1 and S2 conserved sequences are located upstream of the HX motif in the N-terminal part of the protein (Fig. 7A and Fig. S3 ). To probe the functional importance of these motifs for Dm-Scr activity, we produced mutant variants in which we introduced the following mutations: SCKYA toward AAAAA for S1 and PQDLST toward AAAAAT for S2, and generated transgenic lines allowing the in vivo expression of the corresponding Dm-Scr S1 and Dm-Scr S2 respectively. These Scr variants were analyzed for their potential to promote T1 segment identity and to regulate fkh-lacZ reporter gene expression. When expressed throughout the embryo, both Scr variants promote the formation of ectopic beards (Fig. 7B ) and activate the fkh-lacZ reporter gene (Fig. 7C) . Consistent with the in vivo function, these variants bind cooperatively with Exd/Hth to the fkh cis-regulatory element in vitro (Fig. 7D) . We thus conclude that the conserved S1 and S2 motifs are dispensable for Scr function in promoting T1 segment identity and fkh gene regulation.
The Lab L1 conserved sequence contributes to Lab activity in a context specific manner
The single novel conserved sequence stretch in Lab is located in the linker region two residues downstream of the HX (Fig. 8A and Fig. S4 ). Owing to the close proximity of this conserved sequence to the HX, we generated two different mutations in the L1 motif: the first mutation L1p (KRNVPKP toward AAAVPKP) affects the HX proximal part of the motif, while the second mutation L1d (KRNVPKP toward KRNAAAA) affects the HX distal part of the motif. The corresponding Dm-Lab L1p and
Dm-Lab L1d proteins were analyzed for their potential to affect the morphology of the first instar cuticle, and to rescue lab autoregulation as well as regulation of the CG11339 target gene. Cuticle morphology analysis shows that Dm-Lab L1p and Dm-Lab L1d produce a weak cephalopharyngeal skeleton disorganization due to an incomplete head involution process, a phenotype similar to the one observed with Dm-Lab (Fig. 8B) . Regarding the rescue of lab550-LacZ expression, DmLab L1d behaves like Dm-Lab ( Fig. 8C and C') while Dm-Lab L1p failed to efficiently rescue autoregulatory activity (Fig. 8C and C' ). This suggests that the KRN residues are required for lab autoregulation whereas VPKP are not. In support of this, EMSA experiments on the lab45/95 cis regulatory element shows Dm-Lab L1d protein is able to form dimeric (Lab/Exd) and trimeric (Lab/Exd/Hth) complexes on this DNA (Fig. 8E) , albeit less efficiently yet likely sufficient for proper in vivo function. By contrast, an extremely weak trimeric complex is seen with Dm-Lab L1p (Fig. 8E) . Regarding contribution of L1 to the CG11339 regulation, both the proximal and distal mutations were found to have impaired activity, with Dm-Lab L1d displaying a slightly more pronounced defect than DmLab L1p (Fig. 8D, D' ). The capacity of Dm-Lab L1d and Dm-Lab L1p to bind the cis regulatory element EVIII was next evaluated. The monomer binding of the two variant proteins are affected especially that of Dm-Lab
L1d
( Fig. 8F ). Formation of a trimeric complex with Exd/Hth is also affected, this time with a more pronounced defect for Dm-Lab L1p (Fig. 8F ). This establishes a role for the Lab L1 motif for Lab protein function, possibly in promoting cooperative binding of Lab/Exd/Hth on cis regulatory DNA.
Discussion
A predominant role of the HD for evolutionary activity conservation
One principal aim of this study was to compare levels of sequence conservation/divergence and protein activity evolutionary changes for arthropod Hox proteins. The Lab, Dfd, Scr, Ubx, and AbdA Hox proteins from the hexapod D. melanogaster and the pycnogonid E. spinosa or N. gracile display variable levels of sequence conservation/divergence (see Fig. 1 and Fig S1) , providing a suited framework to address this issue. The characterization of pycnogonid Hox proteins in in vivo assays in Drosophila, as well as in vitro assays, allows distinguishing three groups.
The first one, made of Ubx and Scr, displays conservation with all respects. This includes segment identity functions and the regulation of the Dll and dpp target genes for Ubx (Fig. 2) , and segment identity functions and the activation of the fkh enhancer for Scr (Fig. 3) . It is also supported by conserved DNA binding and Exd complex assembly in vitro. The second group defined by Lab, displays an intermediate state, with the autoregulatory activities being conserved, while the regulation of the CG11339 downstream target gene is only partially rescued by NgLab protein (Fig. 4) . The third group includes Dfd and AbdA, which have their activity changed, at least on the bases on the functional readouts assayed in this study. For Dfd, this includes segment identity specification and Dfd autoregulation. These differences in activity could however not be attributed to loss of DNA binding and complex assembly with Exd, as shown by the maintained capacity of Es-Dfd to properly assemble a Dfd/Exd complex on the Dfd epidermal EAE1 autoregulatory sequence, suggesting that at least in this instance, this lack of activity relies on loss of transcription activation or repression, referred to as activity regulation , rather than appropriate genome targeting. Activity regulation was previously reported for the Dfd protein with the demonstration that interaction with the Exd cofactor unmasks a transcription activation domain . In the case of Ng-AbdA, we failed to detect any protein expression in vivo from the abdA transgene, suggesting that either the transcript or protein is highly unstable or targeted to degradation. In vitro analysis however suggest that the DNA binding and Exd complex assembly potential of Ng-AbdA is lost, as illustrated by the absence of a Ng-AbdA/Exd protein complex on the DIIR enhancer sequence. It is possible that the extreme sequence divergence, together with a transcript/protein instability, are convergent mechanisms resulting in the loss of AbdA activity in pycnogonids. A similar situation, where lack of protein production while the gene is expressed was described for Af-AbdA, suggesting that transcript/protein instability provide a mechanism used for tuning AbdA function (Hsia et al., 2010) . The shutdown of AbdA function may be related to the Fig. 3 . Ng-Scr and Dm-Scr behave similarly. A. Alignment of Ng-Scr and Dm-Scr homeodomains, black shading indicates amino acid identity and gray shading amino acid similarity. B. Left panel shows anterior segments of a wild type cuticle from a first instar larva with characteristic thoracic denticles (T1-T3) and the first abdominal denticle belt (A1). Blue arrows point to denticles of the beard, a specific feature of T1. Middle and right panels are anterior segments of cuticles from larvae ubiquitously expressing Dm-Scr or Ng-Scr (arm-Gal4). Both induce the formation of a beard in posterior thoracic segments (blue arrowheads). C. Effects of Scr overexpression on fkh-lacZ reporter gene expression (anti β-gal, green). In wt embryos, fkh-lacZ is strongly expressed in PS2 of the ectoderm (green arrowhead). Expression of Ng-Scr and Dm-Scr throughout the ectoderm using arm-Gal4 (anti-HA, red) induces ectopic lacZ activation anteriorly and posteriorly (double green arrows). D. EMSA between Ng-Scr or Dm-Scr and Exd (E) or Exd/Hth (E + H) on fkh250 probe. Blue, green and black arrowheads indicate Hox monomer, Exd/Hth dimer and Hox/Exd/Hth trimer bindings respectively, red arrowheads indicate supershift bands due to the addition of an anti-HA antibody. White asterisks show bands corresponding to non-relevant interactions between the probe and lysate proteins. evolution of arthropod body plan. Pycnogonids have an extreme reduction of the opisthosoma, a body region likely equivalent to the insect abdomen where Dm-AbdA operates, suggesting a link between loss of AbdA function and abdomen loss/reduction. Two other examples of arthropods with reduced abdomens could also be related to the loss of AbdA function: in the case of spider mites and cirripedes, Hox cluster sequencing and/or PCR surveys have shown the absence of the abdA gene (Grbić et al., 2011; Barnett and Thomas 2013; Mouchel-Vielh et al., 1998) .
This functional ranking, Scr-Ubx N Lab N Dfd-AbdA poorly correlates with the divergence of sequences over the whole protein, Ubx (44%), Scr (42%), Lab (27%), Dfd (32%) and AbdA (32%). However, the functional ranking fits better the sequence divergence within the HD, Scr (98%)-Ubx (100%) N Lab (82%) N Dfd (78%)-N AbdA (63%). These differences in the case of HD sequences conform well with the functional ranking, suggesting that the HD plays a predominant role for evolutionary conservation/divergence of activity. Such a predominant role of the HD is consistent with its importance for DNA binding and functional specificity, as illustrated by paralogue specific functional changes following HD swaps (Chan and Mann, 1993; Furukubo-Tokunaga et al., 1993; McGinnis, 1989, 1991; Zeng et al., 1993) . This is also consistent with the finding that synthetic Hox peptides, mostly (yet not exclusively) restricted to the HD, provides most protein functions in the case of Drosophila Antp and Scr (Papadopoulos et al., 2011; Papadopoulos et al., 2012; Papadopoulos et al., 2010) .
From sequence conservation to functional domains
Beside the highly conserved and generic HX and HD, very few protein signatures have been identified and functionally analyzed in Hox proteins (Merabet et al., 2009 ). Genomic sequence divergence over short evolutionary distance, for example between D. melanogaster and D. virilis, is sufficient to identify conserved blocks likely to act as cisregulatory regions (Grienenberger et al., 2003; Manak et al., 1994) . Fig. 4 . Ng-Lab can perform some of the Dm-Lab functions. A. Alignment of Ng-Lab and Dm-Lab homeodomains, black shading indicates amino acid identity and gray shading amino acid similarity. B. Left panel shows anterior segments from a cuticle of a wild type first instar larva highlighting head skeleton. Middle and right panels are cuticles from larvae expressing Dm-Lab or Ng-Lab ubiquitously (arm-Gal4). Both induce deformation of the cephalopharyngeal skeleton (asterisks) due to head involution failure. C. Rescue of lab550-lacZ reporter gene expression in a lab null mutant background; the green arrowhead in the left panel shows the normal expression of lab550-lacZ in PS7 of the endoderm (anti β-gal, green). Expression of NgLab or Dm-Lab throughout the endoderm using 48Y-Gal4 (anti-HA, red) rescues almost completely the lacZ reporter gene expression (green arrowhead in middle and right panels). C'. Quantification of the lab550-lacZ rescue experiment (see Experimental procedures). D. Rescue of CG11339 expression in a lab null mutant background; the green arrow in the left panel shows the normal expression of CG11339 in PS7 of the endoderm (in situ hybridization, green). Expression of Ng-Lab throughout the endoderm using 48Y-Gal4 (anti-HA, red) partially rescues CG11339 expression (green arrow in the right panel) whereas the rescue with Dm-Lab is almost complete (green arrow in the middle panel). D'. Quantification of the CG11339 rescue experiment (see Experimental procedures); asterisks indicate a p value b 0.0001 obtained by a t-test. E. EMSA between Ng-Lab or Dm-Lab and Exd (E) or Exd/Hth (E + H) on lab48/95 probe. F. EMSA between Ng-Lab or Dm-Lab and Exd (E) or Exd/Hth (E + H) on EVIII probe. Arrowheads in E and F indicate the following band shift positions: yellow, Hox monomer; green, Exd/Hth dimer; gray, Hox/Exd dimer; black, Hox/Exd/Hth trimer; Red arrowheads indicate supershifted bands due to the addition of an anti-HA antibody. White asterisks show bands corresponding to non-relevant interactions between the probe and lysate proteins. Graphics below E and F are relative quantifications of supershift bands. G. Dm-Lab and Ng-Lab protein productions were verified using 35 S methionine. The black and gray arrows indicate the migration of Dm-Lab (69 kDa) and Ng-Lab (40 kDa) proteins respectively on a SDS-PAGE. Their relative productions normalized with their respective number of methionine are shown in the graphic below. In situ hybridization using a riboprobe specific to endogenous Dfd transcripts (green). Left panel is a wild type embryo showing the normal Dfd expression (white arrowhead). Ubiquitous arm-Gal4 driven Dm-Dfd expression results in ectopic activation of endogenous Dfd transcripts in posterior segments (white asterisks) while Es-Dfd is not able to do so. C. EMSA performed between Dm-Dfd or Es-Dfd and Exd (E) on EAE1 probe. Pink and black arrowheads indicate Hox monomer and Hox/Exd dimer bindings respectively. D. Left panel is an anterior part of a wild type larvae cuticle. Ubiquitously expressed Dm-Dfd (arm-Gal4) produces ectopic cirri (black arrowheads) and ectopic mouth hook structures (black arrows) in more posterior segments while Es-Dfd does not. However an abnormal cephalopharyngeal skeleton (asterisk) due to Es-Dfd overexpression is seen (defective head involution consequence). The red framed panel is a higher magnification of the red rectangle. This is not the case for protein sequences, as conservation then spreads over the whole protein sequence. For example, the Dm-Scr is more than 90% identical to Dv-Scr. Conservation over longer evolutionary distance within the arthropod phylum allows for sufficient divergence to identify short conserved sequence stretches. It is possible that such protein regions, that display lower rates of sequence changes, do so because of functional constraints, possibly identifying novel functional protein domains.
Sequence comparison including representatives of main arthropod subphyla and pycnogonid sequences identifies only a few stretches of conserved sequences (Figs. S2-6 ). This includes N-terminal located sequences already identified as transcription activation domains in Ubx and Scr, as well as a sequence immediately C-terminally adjacent to the HD in Ubx and AbdA, UbdA, recently shown to mediate contacts with the Exd cofactor (Foos et al., 2015) . It also includes sequence features not previously recognized in the Hox proteins Lab, Dfd and Scr (see Fig. S3-5 ). To probe if such conserved sequences are functionally important, we focused on Lab and Scr, for which we have established that the Drosophila and pycnogonid proteins share functional properties (Figs. 3 and 4) . In the case of Lab, mutations of the L1 motif in the Drosophila protein impacts on the capacity to properly control the activity of the lab auto-regulatory enhancer as well as the regulation of its downstream target CG11339. This weakened activity correlates with the decreased capacity of L1 mutated Dm-Lab to assemble a dimeric Lab/Exd complex on the lab48/95 and EVIII enhancers. The location of the L1 motif in between the HX and HD, and the stronger effect seen when the motif is mutated proximal to the HX may further suggest that L1 modulates the Exd recruiting potential of the HX motif. This would be consistent with a previously described role of linker region sequences in controlling the efficiency of Hox/Exd complex assembly .
In the case of Scr, we identified two conserved sequence motifs, S1 and S2, located in the N-terminal part of the protein. Our analysis, based on segment identity function and the control of fkh enhancer activity did not reveal a contribution of these motifs to Scr activity. S1 and S2 mutations did not compromise the capacity of Scr to assemble a Scr/ Exd dimeric or Scr/Exd/Hth trimeric complex on the fkh enhancer.
Although the number of assays is limited, proper T1 segment identity specification likely relies on the coordinate regulation of a battery of Scr downstream targets, allowing the conclusion that at least a significant Scr downstream targets are properly regulated by Scr when mutated for the S1 and S2 motifs. This is further illustrated by proper control of fkh enhancer activity by these two mutant forms of Scr. The data however does not allow excluding that the S1 and S2 motifs are functionally relevant for some yet unidentified Scr protein functions. Selective rather than pleiotropic use of protein motifs has indeed emerged as a prominent feature from a large-scale functional analysis of AbdA protein motifs .
In summary, we suggest that sequence conservation within distant arthropod Hox proteins has the potential for uncovering additional and novel Hox protein motifs, although extensive functional analyses may be required to uncover their functional relevance, including genomic and transcriptomic approaches. Further work will be required to define precisely how these motifs contribute to the activity of Hox proteins.
Experimental procedures
4.1. Flies, egg collections, cuticle preparations, in situ hybridization, and immunostaining Gal4 drivers used are 24B-Gal4 for embryonic mesodermal expression, arm-Gal4 for ubiquitous expression and 48Y-Gal4 for embryonic endodermal expression (Martin-Bermudo et al., 1997) . LacZ reporter genes are DME-lacZ, fkh250-lacZ from R. Mann (Gebelein et al., 2002; Joshi et al., 2007) and lab550-lacZ (Grieder et al., 1997) . The labial null allele used is lab VD1 obtained from the Bloomington stock center. dpp, CG11339, and Dfd endogenous Digoxigenin RNA-labeled probes were generated by in vitro transcription from plasmids containing either dpp, CG11339 full length cDNAs, or Dfd 5′UTR, following the manufacturer's protocol (Roche Applied Science). RNA in situ hybridizations were performed according to standard methods. TSA Indirect kit (Perkin Elmer) was used for the detection. Cuticle preparations and immunodetections were performed according to standard procedures. Primary antibodies used are: mouse anti-Ubx (1/100, FP3.38); rabbit anti-β-galactosidase (1/500, MP Biomedical); anti-Digoxigenin coupled to biotin (1/500, from Jackson); Rat anti-HA (1/500, Molecular Probe, Invitrogen). Secondary antibodies coupled to Alexa 488, Alexa 555 (Invitrogen Molecular Probe) or to biotin (Jackson) were used at a 1/ 500 dilution.
Cloning, transgenic lines and quantification procedures
Dm-Scr S1 , Dm-Scr S2 , Dm-Lab L1d and Dm-Lab L1p variants were generated by PCR from full length cDNAs. The isoform used for Dm-Ubx is Ia. The cloning of Ng-lab, Es-Dfd, Ng-Scr, Es-Ubx and Ng-abdA cDNAs is described in Manuel et al. (2006) . All constructs used in this study Blue arrows point to small denticles of the beard, a specific feature of T1. All variants are able to induce the formation of a beard in posterior thoracic segments (blue arrowheads). C. Expression of Dm-Scr, Dm-Scr S1 and Dm-Scr S2 variants throughout the ectoderm using arm-Gal4 (anti-HA, red) induces similar ectopic fkh-lacZ activation anteriorly and posteriorly (anti β-gal, green; double green arrows). Green arrowheads point to the normal fkh-lacZ expression. D. EMSA of Dm-Scr variants alone or in combination with Exd (E) or Exd/Hth (E + H) on fkh250 probe. Green and black arrowheads indicate Exd/Hth dimer and Hox/Exd/Hth trimer bindings respectively. The supershift, visualized when an anti-HA antibody is added to the binding reaction (red arrowhead), demonstrates that the thin band pointed by the black arrowhead is indeed a trimeric complex (Hox/Exd/Hth). White asterisks show bands corresponding to non-relevant interactions between the probe and lysate proteins. were HA-tagged and transgenic lines were established either by the PhiC-31 integrase system (cloned into pUASTattB vector; Bischof et al., 2007) or by classical P-element (cloned into pUAST vector). Transgenic variant lines were crossed with appropriate drivers, and collected embryos were stained with appropriate antibodies to select conditions (line and temperature) that result in expression with similar levels (+/− 15%) to endogenous Hox wild type levels (see Saadaoui et al., 2011 for a detailed description of the procedure).
lab550-lacZ and CG11339 expression rescue experiment quantifications
For rescue experiment analysis, the number of endodermal cells expressing either the lab550-lacZ reporter gene or the CG11339 gene were counted. 100% corresponds to the number of cells expressing either one in a wild type background. Cells are counted for at least 6 embryos per genotype. p values are obtained by a t-test using the online GraphPad software.
EMSA
Proteins were produced with the TNT (T7)-coupled in vitro transcription/translation system (Promega) using full length cDNAs cloned in pcDNA3. 1 μg of each expression plasmid was used for protein production. Exd and Hth were co-expressed. EMSA in Fig. 3D and 7D were performed with protein produced from distinct batches of TNT. Productions of the different proteins were verified and quantified using 35 S methionine, defining the amounts of lysate used for each protein, when possible. When it isn't, 35 S methionine SDS-PAGE autoradiograms and deduced quantifications using the "analyse-gel" function of the ImageJ software are shown (Figs. 5 and 8 ). EMSA were performed as described in Saadaoui et al., 2011. Probes used are:
fkh250: 5′ CTCAATGTCAAGATTAATCGCCAGCTGTGGGACGAGG EAE1: 5′ GCGCGTTCATTAATCATTAT DIIR: 5′ ATTTGGGAAATTAAATCATTCCCGCGGACAGTT EVIII: 5′ TTTGTCGCATCGTGATCAATTACAGCTGACTGGGTTG Lab48/95: 5′ AAATTGATGGATTGCCCGGCGCCGACTGTCACCG.
Sequence alignments
Hox protein sequences used for sequence alignments are: Dm-Lab (AAF54098.1), Tc-Lab (EEZ99257.1), Es-Lab (ABD46722.1), Ng-Lab (ABD46723.1); Dm-Dfd (AAF54083.2), Tc-Dfd (AAK16423.1), Es-Dfd (ABD46727.1); Dm-Scr (AAS65103.1), Tc-Scr (AAK16422.1), Es-Scr (ABD46728.1), Ng-Scr (ABD46729.1); Dm-Ubx (P02834), Tc-Ubx (EEZ99249.1), Af-Ubx (AAL67686), Sm-Ubx (ABD16212.1), Es-Ubx (ABD46733.1); Dm-AbdA (AFH06463.1), Tc-AbdA (AF017415), AfAbdA (ACS36775.1), Sm-AbdA (ABD16213.1), Ng-AbdA (ABD46736.1). Alignments were performed using ClustalW, and represented using Boxshade. Identity scores were taken from matrix arising from alignments of all representatives of each paralogue group shown in Figs. S2 to S6.
